During recent years the prevalence of tuberculosis (TB) and mycobacterial infections has risen. Worldwide, the Mycobacterium tuberculosis complex (MTC) is responsible for more than 2 million deaths and 8 million new cases of disease every year (41) . On the other hand, nontuberculous mycobacteria (NTM) are a major cause of opportunistic infections in immunocompromised individuals, such as AIDS patients (11, 25, 32) . Consequently, early detection and identification of the type of mycobacteria are required for achieving optimal therapy and correct patient management. Nonetheless, culture-based methods require several weeks for a positive result, and acid-fast bacillus smears are not sensitive. Thus, new alternatives are clearly needed.
Despite their limitations, nucleic acid amplification-based methods allow rapid and sensitive identification of mycobacteria from clinical specimens before culture results. Even though results are sometimes not conclusive, they are useful in orienting medical decisions. Therefore, simultaneous detection and rapid differentiation of MTC from other NTM species provide an added value. Accordingly, several studies have been described (17, 18, 33) . The use of multiplex PCR may be indicated for this objective, although it may not always be effective due to the inconveniences of design, competition among targets, and overall sensitivity and specificity. The choice of multiple probes within a single target is preferable. Among the sequences used (the 32-kDa gene, recA, hsp65, rpoB, dnaJ, sodA, and the 16S-23S rRNA internal transcriber spacer) the 16S ribosomal DNA (rDNA) is the most commonly studied (3, 8, 16-18, 31, 38) . It has been found in all bacteria but has been found as a single copy in the MTC genome (7) . It contains highly conserved Mycobacterium genus (MYC) regions different from those of other bacteria groups and specific hypervariable zones that allow differentiation and identification of most Mycobacterium species.
Recently, the introduction of new fluorescent detection systems, such as Molecular Beacons (39), Sunrise primers (26), Scorpion primers (36) , TaqMan probes (9, 34, 40) , or LightCycler methodology (35, 37) , have simplified routine performance. These systems rely on quenching fluorescence energy transfer among molecules (4), and most have proven to be sensitive, specific, and highly discriminative, enabling automated, multiple simultaneous and real-time detection in a closed-tube format that avoids the disadvantages of ethidium bromide-stained gels or other time-consuming methods. At present, fluorogenic detection methods allow the possibility of less difficult real-time PCR in a closed-tube format for multiple targets. Accordingly, several laboratories have already tested them in the diagnosis (35) , quantification (10), or drug resistance testing (28, 37) of mycobacteria.
In the present study we developed a single-tube balanced heminested PCR (12) coupled to a 5Ј-exonuclease assay by two different fluorescent probes within the 16S rDNA target, al-lowing simultaneous detection of MYC and MTC in clinical samples.
MATERIALS AND METHODS

Study patients.
One hundred twenty-seven prospectively recruited patients who were human immunodeficiency virus (HIV) seropositive (n ϭ 27) or seronegative (n ϭ 100) and who had TB or mycobacteriosis, diagnosed by positive culture, and were admitted to hospital during the study period were included in the study.
Samples. Four hundred twenty-nine clinical samples from 127 TB patients were processed for culture and routine procedures. Only the first sample (one per patient) from those patients with a positive culture was selected for PCR procedures. One hundred fourteen samples (89.8%) were of pulmonary origin, mostly sputum, and 13 had other origins.
To check the specificity and sensitivity of primers and fluorogenic probes, aqueous dilutions of several mycobacterial and bacterial strains of clinical origin were included: one M. tuberculosis strain, one M. kansasii strain, one M. avium strain, one M. intracellulare strain, one M. xenopi strain, one M. fortuitum strain, five coagulase-negative staphylococcus strains, two Staphylococcus aureus strains, three viridans group streptococcus strains, two Pseudomonas aeruginosa strains, two Corynebacterium sp. strains, two Escherichia coli strains, one Moraxella catarrhalis strain, one Citrobacter diversus strain, and one Morganella morganii strain. The concentrations tested contained 10 1 , 10 2 , 10 3 , and 10 4 CFU/ml for mycobacterial strains and 10 3 and 10 5 CFU/ml for other bacterial strains. Forty negative controls were also included: 20 culture-and stain-negative saliva specimens from healthy students with no history of TB and who were negative for TB by skin test and sputum samples from 20 patients with chronic obstructive pulmonary disease admitted because of an acute episode of exacerbation without clinical signs, radiological lesions, or a history of TB.
All series of PCR also included two negative controls from each batch of extraction, one positive control of amplification consisting of MTC DNA and three negative controls of amplification.
Routine sample procedures. All the clinical samples were processed in the Microbiology Laboratory of the Hospital Clínic (Barcelona, Spain). Nonsterile samples were digested and decontaminated by the standard N-acetyl-L-cysteineNaOH method before culture (21) . The resulting pellet was resuspended in 2 ml of phosphate-buffered saline (140 mM NaCl, 2.6 mM KCl, 10.1 mM Na 2 HPO 4 , 1.7 mM KH 2 PO 4 [pH 7.4]). Auramine staining was done, and a semiquantitative grade (scale, 1 to 4) was made (30) . Two hundred microliters of the pellet was inoculated in Löwenstein-Jensen slants and incubated at 37°C up to 8 weeks for colony confirmation. In addition, 500 l of the sediment was cultured in radiometric Bactec 12B medium (Becton Dickinson) at 37°C for 6 weeks, except for blood samples, which were cultured directly by adding 5 ml to a Bactec 13A medium. For skin samples, an additional set of culture media was incubated at 30°C for 6 weeks. A growth index of 200 was considered positive and further confirmed by Ziehl-Neelsen stain. Strains were identified by the morphological appearance on Bactec smears and the AccuProbe (Gen Probe) method (14) . When identification was inconclusive, gas chromatography and routine biochemical methods were performed. The remaining pellet was stored at 4°C for immediate DNA extraction or at Ϫ20°C until DNA extraction was carried out.
In blood samples white cells were extracted by the Ficoll-Hypaque (1119) gradient, washed, and resuspended in Tris-EDTA buffer (100 mM Tris-HCl, 10 mM EDTA [pH 8.0]).
Cell lysis and DNA extraction. The selection of a DNA extraction approach compatible with fluorescent reading was especially important in order to avoid undesired fluorescent molecules naturally found in samples or bacteria, which could lead to misidentification (15) . Altogether, the choice of the modified Kulski et al. (22) alkali wash and heat lysis method seemed to fulfill the necessary criteria. Briefly, 500 l of sample was added to 700 l of alkaline wash solution (0.5 M NaOH, 0.05 M sodium citrate) and incubated for 10 min at room temperature with agitation and thereafter was centrifuged at 13,000 ϫ g for 5 min. The pellet was resuspended in 500 l of 0.5 M Tris-HCl (pH 8.0) and centrifuged again. This step was done twice. The pellet was resuspended in 100 l of distilled water, heated to 95°C for 30 min, centrifuged briefly, and frozen at Ϫ20°C until PCR processing was carried out. The whole protocol was performed in a single tube, thus reducing the risk of cross-contamination.
Fluorogenic PCR. A single-tube balanced heminested PCR coupled to a 5Ј-exonuclease assay was performed.
(i) Previous setup. The conventional PCR conditions were modified and optimized in previous experiments (A. García G. Tudó, E. Dern, M. Navarro, J. González, and M. T. Jiménez de Anta, Abstr. VIIIth Reunión Grupo Espan. Micobacteriol., abstr. C2-01, 1998) to be compatible with fluorogenic detection. Improvements were directed in three ways: first, to favor the quenching of the intact probes; second, to increase the efficiency of probe hybridization; and finally, to enhance the breaking of probes by the 5Ј-exonuclease activity. In accordance with these criteria, two different pairs of fluorescent molecules were chosen for labeling the probes, thus reducing the loss of sensitivity that is observed when an additional probe is incorporated into the test (data not shown). The MgCl 2 concentration was increased up to 3 mM to achieve a good fluorescent signal. The distance between the fluorogenic probes and upstream primers was reduced to a maximum of 10 residues, achieving a significant increase in the fluorescent signal intensity. The melting temperature of the probes was several degrees higher than that of the upstream primers, as cited in the literature (13, 40) and recommended by manufacturer.
Briefly, primers and probes were chosen from those described in the literature or newly designed with Oligo 4.01 software (National Biosciences, Inc., Plymouth, Minn.). The theoretical specificity of primers and probes was checked by searching for homology with the BLAST service of the GenBank (http://www .ncbi.nlm.nih.gov). In addition, secondary structures of target DNA were taken into account at different PCR stages (http://www.ibc.wustl.edu). Initially, only outer primers were added. After choosing the best pair candidates, different inner primers were tested. The best combination of three primers was selected. The heminested reaction was then balanced by attaching the sequence of the inner primer at the 5Ј end of the opposite outer primer, avoiding asymmetric amplification and increasing the yield of the reaction (12) . Probe candidates for MTC and MYC were tested separately and then mixed together for use in all the experiments. Optimized conditions and reagents are described below.
(ii) Target. The primers and probes belonged to the 16S rDNA gene called rrn (GenBank accession number X52917). This gene is present in all bacteria and has highly conserved and highly hypervariable sequences (3). Whenever possible, primers were placed in MYC-specific sequences. MYC probe was also placed in a genus-conserved sequence. The MTC probe belonged to an MTC-specific region. A map of the target is shown in Fig. 1. (iii) Composition. Amplification was performed in 0.2-ml thin-walled PCR tubes with a total reaction volume of 53 l by using a Gene Amp PCR system 2400 thermal cycler (Perkin-Elmer).
All the reagents were added at the beginning of the reaction, therefore not (3, 17, 23) , 100 nM I571-110F balanced forward primer, 1 M I571R reverse inner primer (Boehringer Mannheim); 100 nM F19T MTC probe labeled with 6-carboxyfluorescein (FAM) as the reporter (R) and 6-carboxy-tetramethyl-rhodamine (TAMRA) as the quencher (Q); and 100 nM H19R MYC probe labeled with hexachloro-fluorescein (HEX) as the R and 6-carboxy-X-rhodamine (ROX) as the Q (Boehringer Mannheim). Both probes were blocked in their 3Ј-end with a phosphate in order to avoid primer elongation. Fluorescent probes were handled in the dark. Since working dilutions of fluorogenic probes can be easily degraded by freeze-thawing processes and light exposure, fresh dilutions, consisting of a known MTC DNA dilution were prepared each time we observed a weaker fluorogenic signal other than those expected in positive controls. This way we could minimize false-negative results due to this cause. Sequences of the primers and probes are shown in Table 1 .
(iv) Running conditions. After 15 min at 25°C to allow the uracil-N-glycosylase to work (24), the temperature was raised to 94°C for 5 min to deactivate the enzyme. The first stage of amplification involved 30 cycles of denaturation at 94°C for 45 s, with primer annealing at 65°C for 30 s, and the extension was carried out at 72°C for 1 min. The second stage included 30 cycles of denaturation at 94°C for 20 s, primer annealing at 55°C for 30 s, and extension at 72°C for 30 s, after which there was an additional cycle at 72°C for 5 min and the reaction mixture was maintained at 4°C in a soak file until fluorescence reading.
(v) Product detection. Fluorescence reading was performed in an LS-50B luminescence spectrometer (Perkin-Elmer). The whole content of the PCR was transferred to a 96-well white microtiter plate designed for use under fluorescence. The F19T MTC probe was excited at 488 nm (maximum FAM absorption), and the emission was read at 518 nm (maximum FAM emission) and 582 nm (maximum TAMRA emission). The H19R MYC probe was excited at 535 nm (maximum HEX absorption), and the emission was read at 556 nm (maximum HEX emission) and 605 nm (maximum ROX emission). The increase in the fluorescence signal was calculated using the formula ⌬RQ ϭ RQ ϩ Ϫ RQ Ϫ for each probe, where RQ ϩ is the fluorescence of the reporter (R) divided by the fluorescence of the quencher (Q) in a sample, and RQ Ϫ is the equivalent of the negative controls. The threshold ⌬RQ, used to establish a baseline for positive samples, was calculated for a 99% confidence level by using the two times the standard deviation of the results from the nontemplate control samples included in each run (TaqMan PCR reagent kit protocol; Perkin-Elmer).
Statistical analysis. Results were expressed as proportions, and 95% confidence intervals were calculated. Statistical differences between sensitivity and specificity of different probes were tested by the McNemar exact binomial test.
RESULTS
Routine identification of samples. Sixty-five (51.2%) out of the 127 samples analyzed by PCR were negative for auramine staining, and the remaining 62 were positive. After culture, 115 samples (90.6%) were identified as MTC, and 12 were identified as NTM (eight M. kansasii isolates, three M. avium-M. intracellulare complex isolates, and one M. xenopi isolate).
Analysis of fluorescence results. Results from MTC and NTM samples are shown in Tables 2 and 3, respectively. Ninety-six out of 127 patients (75.6%) were diagnosed for mycobacterial disease using the present fluorogenic approach. For the 115 MTC patients, a positive result was achieved in 77.4% (89 of 115) of the samples, although the MTC probe was positive in 70.4% (81 of 115) of the samples. Thus, the number of patients diagnosed increased 7.0% by the addition of the MYC probe, representing 9.0% (8 of 89) of the MTC patients with a positive result ( Table 2 ). There were no significant differences among the sensitivities and specificities for HIV-positive and HIV-negative samples.
(i) Sensitivity. The sensitivity for fluorogenic PCR was 10 2 to 10 3 CFU/ml for mycobacterial strain dilutions (Fig. 2) .
In clinical specimens, the sensitivity was much higher for smear-positive samples (90.3%) than for smear-negative samples (49.2%). The sensitivity obtained was slightly higher for MTC than NTM (50.0 versus 42.9% for smear-negative samples and 91.2 versus 80.0% for smear-positive samples), although the differences in MTC and MYC probe sensitivity were not statistically significant (Tables 2 and 3) .
The sensitivity for MTC pulmonary samples was 72.8 and 50.0% for samples of other origins.
The overall sensitivity of the test in this study was 69.3% (88 of 127 specimens). This value increased to 75.6% (96 of 127 specimens) when identification to any level was considered.
(ii) Specificity. All negative controls from extraction and amplification were negative by fluorescence detection, demonstrating the absence of contamination during these steps. None of the bacterial strains and samples from the control subjects (healthy students and patients with chronic obstructive pulmonary disease) were positive by fluorescence. There were several nonconcordant results in strain identifications by conventional methods and fluorescence results, mainly justified by the lack of sensitivity of any of the probes. Thus, in MTC samples, identification to the Mycobacterium genus level was only due to false negative results with the MTC probe in which seven out of eight samples with an MTCnegative, MYC-positive result were smear negative. In our cases, 53.3% (8 of 15) of the patient samples with only an MYC-positive result were MTC. This value fell to 20.0% (one of five) in smear-positive samples.
The three cases of MTC samples with MTC-positive, MYCnegative results had weakly positive MTC probe values but no correlation with smear status and were considered to be correctly identified.
In NTM samples, the lack of sensitivity of the MYC probe led to false-negative results. No NTM tested had an MTCpositive probe result.
DISCUSSION
The aim of this study was therefore to design a PCR-based technique for MTC identification and simultaneous screening of NTM in clinical samples in our laboratory.
Among the sequences available, the 16S rDNA gene was chosen. This target has been widely used in taxonomy since it contains both genus-and species-specific regions, it has a low mutation rate, and the patterns are well preserved (38) . Kox et al. (18, 19) used this gene for the first time in the direct diagnosis of clinical samples.
The choice of a fluorogenic assay has been the most determining factor in the overall design of the experiments reported here. Conventional PCR conditions and a conventional DNA extraction method were chosen, modified, and optimized to be compatible with the 5Ј-exonuclease approach as described in Materials and Methods.
The selection of different quenching molecules for each probe, ROX and TAMRA instead of only TAMRA, reduces the reduction in sensitivity observed when several probes are placed together (data not shown), although other labels can certainly be used, since some fluorimeters available on the market may condition fluorescent pairs.
The sensitivities achieved here are similar to those described in the literature (1, 17) . In general, the present test is more reliable in smear-positive samples of pulmonary origin. The addition of the MYC probe allows the diagnosis of an extra 7.0% of patients suffering from TB and the screening of NTM infections in 58.3% of cases. Our results show that a positive MTC probe value confirms the presence of MTC with a 100% positive predictive value. However, an MTC-negative, MYC-negative or MTC-negative, MYC-positive result does not discount the presence of MTC or NTM in the specimen, especially in smear-negative samples. This occurred in falsenegative samples and in 9% of MTC patients with only an MYC-positive result. For this reason, an MTC-negative result is inconclusive. This lack of sensitivity is mainly argued by a lack of sample homogeneity (17) and the presence of a single target in the Mycobacterium genome. Some strategies are required to solve this problem. Thus, the use of 16S RNA as target, which is present in thousands of copies, instead of rDNA, could lower the detection limit severalfold (10) . It was however, discarded for this initial approach, since it is less stable than DNA and requires a reverse transcription step prior to amplification (9) .
Displacement of the probe instead of its breaking, leading to quenched fluorescence, may also be due to mutations in the probe targets. As described by several authors (28, 37) a single different nucleotide would be enough to produce negative results. In addition, false negatives due to degradation of the fluorogenic probes are avoided by the inclusion of positive controls in each round. Although we did not do so, tests are required to check the 5Ј-exonuclease activity of the polymerase (20) essential for breaking the probes.
Finally, the MTC-negative, MYC-negative values in the present study do not discount inhibition. Thus, the addition of an internal control (6, 17) may be required, as may other alternative DNA extraction methods (2, 5, 29, 35, 40) or 10-fold dilution of samples. In the present study, we have analyzed only one sample per patient. Otherwise, it would be necessary to analyze at least three samples from the same patient to increase the sensitivity (6, 17) .
Although all the controls tested here were negative, it is possible that an MTC-negative, MYC-positive result may be due to environmental mycobacteria without clinical significance (A. Kolk, personal communication). Taking all this into consideration, we recommend the use of this test in conjunction with the available clinical data on the patient.
It is expected that this assay could be transferred to the LightCycler without major modifications and with nearly identical results (27) . Thus, the need for larger optimal target sequences due to the need for two single-labeled probes may be avoided by the use of a single-probe approach (35) .
In addition, for the identification of NTM species, an MTC probe may be substituted for by the corresponding probe.
In conclusion, with this assay patients infected with MTC may be identified and the screening of other mycobacterial species may be performed within 48 h. Moreover, this assay is easy to carry out in routine practice and is a valuable tool for the appropriate management of patients.
